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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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propagation experiments on ~390-nm-thick gold (Au) freestanding films at room temperature (Hirakata et al. (2016)). 
The results indicated that �∗ could characterize �� ��⁄  irrespective of the specimen width and applied stress.  
The objective of this study is to clarify the effects of film thickness on the creep crack propagation properties of 
Au submicron films. For this purpose, we performed creep crack propagation experiments on ~240 nm thick Au 
films and evaluated the creep crack propagation rate. By comparing the experimental results with those of the ~390 
nm films, we discuss the thickness effects on the creep crack propagation.  
 
Nomenclature 
� film thickness [nm] 
�  specimen width [mm] 
�� half initial notch length [m] � half crack length [m] 
� crack center opening displacement [m] 
� applied stress [MPa] 
� strain 
��s steady-state strain rate [s-1] � temperature [K] 
� time [ks] 
��eq equivalent strain rate [s-1] �eq equivalent stress [MPa] � coefficient of steady-state power-law creep [MPa-n s-1] 
� stress exponent of steady-state power-law creep  
�� fracture time [ks] ��� transition time [ks] �� ��⁄  creep crack propagation rate [m/s] 
� stress intensity factor [MPa m1/2] 
� Young’s modulus [GPa] 
� Poisson’s ratio 
�∗ creep J-integral [MPa m s-1] 
��∗ steady-state creep J-integral [MPa m s-1] ���� coefficient of approximate equation of creep J-integral 
���� net stress [MPa] 
 
2. Experimental methods 
The tested materials were Au thin films with thicknesses of approximately ~240 nm (195−260 nm) and ~390 nm 
(359−420 nm)(Hirakata et al. (2016)) deposited by the radio frequency magnetron sputtering method at a base 
pressure below 2×10-5 Pa and an Argon (Ar) pressure of 1.0 Pa. A sacrificial resin layer with a thickness of ~2 m 
was spin-coated on a (100) silicon substrate and then Au films were sputtered on the resin layer through specimen-
shaped metal shadow masks (Fig.1). The purity of the Au target was more than 99.9%. The dumbbell-type smooth 
specimens shown in Fig. 1(a) were used for creep strain rate experiments. The hourglass-type specimens with 
different widths, � = 2 mm in Fig. 1(b) and � = 1 mm in Fig. 1(c), were utilized for the creep crack propagation 
experiments to clarify the mechanical parameter dominating the creep crack propagation regardless of specimen size. 
The hatched regions in the figures represent the fixed parts attached to chucking jigs. The thickness � of each 
specimen was measured using a stylus surface profiler (KLA-Tencor Japan Ltd., ALPHASTEP500, resolution: 0.1 
nm), and the average thickness and standard deviation of 10 measurement sites in each specimen are listed in Table 
1. Four specimens were prepared for each thickness film (Specimens 240-1−240-4 for ~240 nm film and Specimens 
390-1−390-4 for ~390 nm film). Crystal orientation maps of the film surfaces are shown in Fig. 1(e). A strong 
{111} preferred surface was observed in all the specimens, and the geometric mean grain sizes were 62 nm for ~240 
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propagation experiments on ~390-nm-thick gold (Au) freestanding films at room temperature (Hirakata et al. (2016)). 
The results indicated that �∗ could characterize �� ��⁄  irrespective of the specimen width and applied stress.  
The objective of this study is to clarify the effects of film thickness on the creep crack propagation properties of 
Au submicron films. For this purpose, we performed creep crack propagation experiments on ~240 nm thick Au 
films and evaluated the creep crack propagation rate. By comparing the experimental results with those of the ~390 
nm films, we discuss the thickness effects on the creep crack propagation.  
 
Nomenclature 
� film thickness [nm] 
�  specimen width [mm] 
�� half initial notch length [m] � half crack length [m] 
� crack center opening displacement [m] 
� applied stress [MPa] 
� strain 
��s steady-state strain rate [s-1] � temperature [K] 
� time [ks] 
��eq equivalent strain rate [s-1] �eq equivalent stress [MPa] � coefficient of steady-state power-law creep [MPa-n s-1] 
� stress exponent of steady-state power-law creep  
�� fracture time [ks] ��� transition time [ks] �� ��⁄  creep crack propagation rate [m/s] 
� stress intensity factor [MPa m1/2] 
� Young’s modulus [GPa] 
� Poisson’s ratio 
�∗ creep J-integral [MPa m s-1] 
��∗ steady-state creep J-integral [MPa m s-1] ���� coefficient of approximate equation of creep J-integral 
���� net stress [MPa] 
 
2. Experimental methods 
The tested materials were Au thin films with thicknesses of approximately ~240 nm (195−260 nm) and ~390 nm 
(359−420 nm)(Hirakata et al. (2016)) deposited by the radio frequency magnetron sputtering method at a base 
pressure below 2×10-5 Pa and an Argon (Ar) pressure of 1.0 Pa. A sacrificial resin layer with a thickness of ~2 m 
was spin-coated on a (100) silicon substrate and then Au films were sputtered on the resin layer through specimen-
shaped metal shadow masks (Fig.1). The purity of the Au target was more than 99.9%. The dumbbell-type smooth 
specimens shown in Fig. 1(a) were used for creep strain rate experiments. The hourglass-type specimens with 
different widths, � = 2 mm in Fig. 1(b) and � = 1 mm in Fig. 1(c), were utilized for the creep crack propagation 
experiments to clarify the mechanical parameter dominating the creep crack propagation regardless of specimen size. 
The hatched regions in the figures represent the fixed parts attached to chucking jigs. The thickness � of each 
specimen was measured using a stylus surface profiler (KLA-Tencor Japan Ltd., ALPHASTEP500, resolution: 0.1 
nm), and the average thickness and standard deviation of 10 measurement sites in each specimen are listed in Table 
1. Four specimens were prepared for each thickness film (Specimens 240-1−240-4 for ~240 nm film and Specimens 
390-1−390-4 for ~390 nm film). Crystal orientation maps of the film surfaces are shown in Fig. 1(e). A strong 
{111} preferred surface was observed in all the specimens, and the geometric mean grain sizes were 62 nm for ~240 
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3. Results and discussions 
3.1. Experimental results 
For the smooth specimens, creep experiments were conducted and the results were summarized in Fig.3. The 
specimens showed creep behavior consisting of transient creep and steady-state creep and then fractured as shown in 
Fig. 3(a). No clear evidence of an accelerated creep stage was observed. The steady-state creep rate ��s was estimated 
from the slope of the steady-state region in the creep curve, as shown by the dashed line in Fig. 3(a). Figure 3(b) 
shows the relationships between the steady-state strain rate ��s and the applied stress �. The creep rate ��s increased as � increased and approximately followed the power-law equation in Eq. (1).  
��eq � ��eq�   (1) 
Here, ��eq  is the von Mises equivalent strain rate, �eq	is the von Mises equivalent stress. The steady-state creep 
properties � and � were determined by least squares fitting as � = 9.9×10-21 MPa-ns-1 and � = 6.0 for ~240 nm films 
and � = 4.86×10-16 MPa-ns-1 and � = 3.6 for ~390 nm films, respectively. The creep exponent � was close to the 
value for dislocation creep (� = 3–7).  
Figure 4(a)-(c) shows microscope images around the center crack from a creep crack propagation experiment 
(Specimen 240-1). A wrinkle was observed around the notch and the wrinkled region spread symmetrically in four 
oblique directions. Because of the wrinkle formation, the crack length measured by microscope images was 
expected to be shorter than the true crack length. Thus, the crack length was corrected by a method described in the 
literature (Hirakata et al. (2016)). A crack was initiated at each notch root and propagated in the directions normal to 
the loading axis. The half crack length � was plotted as a function of � in Fig. 4(d). The cracks stably propagated by 
� = 40.3 and then unstably fractured. The crack propagation decelerated at first and then gradually accelerated with 
time. The high crack propagation rate in the very early stage might be due to the large driving force for creep crack 
propagation under the small-scale creep (SSC) and the transient state from SSC to LSC. The qualitatively similar 
crack propagation behaviour was observed in the other specimens. The fracture time ��, which was defined as the 
time at the unstable fracture, is listed in Table 1.  
Figures 5 and 6 show field emission scanning electron microscope (FESEM)(FEI, Versa 3D) micrographs of the 
fracture surfaces after the creep crack propagation experiments for the ~240 nm specimen (Specimen 240-1) and a 
~390 nm specimen (Specimen 390-2, Hirakata et al. (2016)). In both specimens, similar fracture surface 
morphologies were observed. That is to say, in the region near the notch root (Figs. 5(a) and 6(a)), a chisel point 
fracture surface was observed locally, and no significant damage was recognized on the film surface. In the early 
stage of the experiment, the creep crack propagation was expected to be accompanied by creep deformation at the 
local region under SSC and transient condition as the crack propagation rate was high. In the region where the crack 
slowly propagated (Fig. 5(b),(c), and Fig. 6(b),(c)), the fracture surface was characterized by fine roughness, which 
might be due to the microstructure of film, and the observations on the film surfaces revealed that the creep damage 
was observed on the surface several micrometers away from the crack path. In this region, the crack propagated 
slowly accompanied by widespread creep deformation around the crack tip.  
 
Fig.3 Results of creep experiments for dumbbell type smooth specimens.  
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3. Results and discussions 
3.1. Experimental results 
For the smooth specimens, creep experiments were conducted and the results were summarized in Fig.3. The 
specimens showed creep behavior consisting of transient creep and steady-state creep and then fractured as shown in 
Fig. 3(a). No clear evidence of an accelerated creep stage was observed. The steady-state creep rate ��s was estimated 
from the slope of the steady-state region in the creep curve, as shown by the dashed line in Fig. 3(a). Figure 3(b) 
shows the relationships between the steady-state strain rate ��s and the applied stress �. The creep rate ��s increased as � increased and approximately followed the power-law equation in Eq. (1).  
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Here, ��eq  is the von Mises equivalent strain rate, �eq	is the von Mises equivalent stress. The steady-state creep 
properties � and � were determined by least squares fitting as � = 9.9×10-21 MPa-ns-1 and � = 6.0 for ~240 nm films 
and � = 4.86×10-16 MPa-ns-1 and � = 3.6 for ~390 nm films, respectively. The creep exponent � was close to the 
value for dislocation creep (� = 3–7).  
Figure 4(a)-(c) shows microscope images around the center crack from a creep crack propagation experiment 
(Specimen 240-1). A wrinkle was observed around the notch and the wrinkled region spread symmetrically in four 
oblique directions. Because of the wrinkle formation, the crack length measured by microscope images was 
expected to be shorter than the true crack length. Thus, the crack length was corrected by a method described in the 
literature (Hirakata et al. (2016)). A crack was initiated at each notch root and propagated in the directions normal to 
the loading axis. The half crack length � was plotted as a function of � in Fig. 4(d). The cracks stably propagated by 
� = 40.3 and then unstably fractured. The crack propagation decelerated at first and then gradually accelerated with 
time. The high crack propagation rate in the very early stage might be due to the large driving force for creep crack 
propagation under the small-scale creep (SSC) and the transient state from SSC to LSC. The qualitatively similar 
crack propagation behaviour was observed in the other specimens. The fracture time ��, which was defined as the 
time at the unstable fracture, is listed in Table 1.  
Figures 5 and 6 show field emission scanning electron microscope (FESEM)(FEI, Versa 3D) micrographs of the 
fracture surfaces after the creep crack propagation experiments for the ~240 nm specimen (Specimen 240-1) and a 
~390 nm specimen (Specimen 390-2, Hirakata et al. (2016)). In both specimens, similar fracture surface 
morphologies were observed. That is to say, in the region near the notch root (Figs. 5(a) and 6(a)), a chisel point 
fracture surface was observed locally, and no significant damage was recognized on the film surface. In the early 
stage of the experiment, the creep crack propagation was expected to be accompanied by creep deformation at the 
local region under SSC and transient condition as the crack propagation rate was high. In the region where the crack 
slowly propagated (Fig. 5(b),(c), and Fig. 6(b),(c)), the fracture surface was characterized by fine roughness, which 
might be due to the microstructure of film, and the observations on the film surfaces revealed that the creep damage 
was observed on the surface several micrometers away from the crack path. In this region, the crack propagated 
slowly accompanied by widespread creep deformation around the crack tip.  
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3.2. Discussions 
First, we discuss the dominant mechanical parameter that characterizes the creep crack propagation rate. The 
creep crack propagation rate �� ��⁄  was estimated as follows. A quadratic approximation line was obtained by using 
nine successive points in the �–�  relationship (e.g. Fig. 4(d)) around each evaluation point. Then, �� ��⁄  was 
obtained as the derivative of the approximated line at each evaluation point. The stress intensity factor � of the 
hourglass specimens was calculated by elastic finite element method (FEM) using the commercial code Abaqus 6.13. 
Figure 7 plots �� ��⁄  with respect to �. In all the specimens, �� ��⁄  decreased in spite of increasing � in the small-
�  region. In the large-�  region, �� ��⁄  increased as �  increased. The �� ��⁄  – �  relations depended on the 
specimen size and experimental conditions. Thus, � did not uniquely correlate with �� ��⁄ . This is because the 
specimen largely deformed by creep around the crack tips in almost the entire crack propagation stage, and hence 
the use of the elastic stress intensity factor is not valid. 
The creep J-integral �∗ in the hourglass specimens was estimated under the plane stress condition by FEM. The 
creep analysis assumed that the Au films obeyed the power-law equation in Eq. (1) and the steady-state creep 
properties � and � evaluated by the smooth specimens (Fig.3) were used. The Young’s modulus � = 80 GPa and 
Poisson’s ratio � = 0.44 of bulk Au were used. In the power-law creeping material, �∗ characterizes the intensity of 
the HRR singular stress (and strain rate) field (Hutchinson (1968), Rice and Rosengren (1968)). The transition time 
��� from SSC to LSC under the plane stress condition is expressed by Eq. (2) (Ohji et al. (1980), and Riedel and Rice 
(1980)).  
��� 	� 	 �
�
��������∗   (2) 
Here, ��∗ is the steady-state creep J-integral, and the values were calculated by the FEM. The transition time ��� 
obtained by the stationary crack models (Hirakata et al. (2016)) with � = ��  was summarized in Table 2. The 
transition time ��� was much shorter than the fracture time �� in all the specimens. The �� ��⁄  for � < ��� was plotted 
with * marks in Fig. 7, and the region of decreasing �� ��⁄  roughly corresponded to the transient state region � < ���. 
In most of the crack propagation stage, the cracks were expected to propagate under the steady-state or LSC 
condition. In this case, the steady-state creep J-integral ��∗  characterizes the crack tip mechanical state. In the 
evaluation of the J-integral by FEM, the error due to the constitutive equation and the material constants � and � 
becomes large. Therefore, we used an approximate equation for the creep J-integral �∗ expressed by Eq. (3) , which 
was formulated for a long center crack in a rectangular specimen under mode I loading by Ohji et al. (1978).  
�∗ 	� �������� ����   (3) 
Here, ���� is the coefficient depending only on the stress exponent �, e.g., expressed by ���� � �� � ����� � ��, 
���� is the net stress defined as ���� � ����� � ���, and � is the crack center opening displacement. It should be 
noted that the use of the experimentally measured � reduces the error due to the constitutive equation compared 
with the computation of �∗ by FEM. In this study, ���� for the hourglass specimens was numerically estimated by 
FEM, and the ����	values of ~240 nm and ~390 nm films were 0.95 and 0.69, respectively.  
Figure 8 shows the �� ��⁄  with respect to the ��∗  calculated by Eq. (3) using the experimental �� ��⁄ . The 
experimental �� ��⁄  was estimated using the �–� relations evaluated from the microscope images. The �� ��⁄ –��∗ 
relations were observed to be within a narrow band irrespective of the specimen width � and applied stress � in 
each thickness film. ��∗ almost uniquely corresponded to �� ��⁄ , unlike � in Fig. 7. Thus, the results indicated that 
the creep J-integral ��∗ was the dominant mechanical parameter that characterized the creep crack propagation rate of 
the Au films. In Fig. 8, the data points in the transient state � < ��� are shown with * marks. The decrease in the crack 
propagation rate in the very early stage was due to the decrease in �∗ during the transition from SSC to LSC. 
Although ��∗ from Eq. (3) represents the mechanical state under the steady-state condition, �� ��⁄  in the transient 
stage was roughly within the same narrow band.  
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Fig. 7 Relationship between crack propagation rate and stress intensity factor. 
 
 
Fig. 8 Relationship between crack propagation rate and steady-state creep J-integral.  
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propagation rate decreased once in the very early stage and then increased. The crack propagation rate �� ��⁄  was 
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3.2. Discussions 
First, we discuss the dominant mechanical parameter that characterizes the creep crack propagation rate. The 
creep crack propagation rate �� ��⁄  was estimated as follows. A quadratic approximation line was obtained by using 
nine successive points in the �–�  relationship (e.g. Fig. 4(d)) around each evaluation point. Then, �� ��⁄  was 
obtained as the derivative of the approximated line at each evaluation point. The stress intensity factor � of the 
hourglass specimens was calculated by elastic finite element method (FEM) using the commercial code Abaqus 6.13. 
Figure 7 plots �� ��⁄  with respect to �. In all the specimens, �� ��⁄  decreased in spite of increasing � in the small-
�  region. In the large-�  region, �� ��⁄  increased as �  increased. The �� ��⁄  – �  relations depended on the 
specimen size and experimental conditions. Thus, � did not uniquely correlate with �� ��⁄ . This is because the 
specimen largely deformed by creep around the crack tips in almost the entire crack propagation stage, and hence 
the use of the elastic stress intensity factor is not valid. 
The creep J-integral �∗ in the hourglass specimens was estimated under the plane stress condition by FEM. The 
creep analysis assumed that the Au films obeyed the power-law equation in Eq. (1) and the steady-state creep 
properties � and � evaluated by the smooth specimens (Fig.3) were used. The Young’s modulus � = 80 GPa and 
Poisson’s ratio � = 0.44 of bulk Au were used. In the power-law creeping material, �∗ characterizes the intensity of 
the HRR singular stress (and strain rate) field (Hutchinson (1968), Rice and Rosengren (1968)). The transition time 
��� from SSC to LSC under the plane stress condition is expressed by Eq. (2) (Ohji et al. (1980), and Riedel and Rice 
(1980)).  
��� 	� 	 �
�
��������∗   (2) 
Here, ��∗ is the steady-state creep J-integral, and the values were calculated by the FEM. The transition time ��� 
obtained by the stationary crack models (Hirakata et al. (2016)) with � = ��  was summarized in Table 2. The 
transition time ��� was much shorter than the fracture time �� in all the specimens. The �� ��⁄  for � < ��� was plotted 
with * marks in Fig. 7, and the region of decreasing �� ��⁄  roughly corresponded to the transient state region � < ���. 
In most of the crack propagation stage, the cracks were expected to propagate under the steady-state or LSC 
condition. In this case, the steady-state creep J-integral ��∗  characterizes the crack tip mechanical state. In the 
evaluation of the J-integral by FEM, the error due to the constitutive equation and the material constants � and � 
becomes large. Therefore, we used an approximate equation for the creep J-integral �∗ expressed by Eq. (3) , which 
was formulated for a long center crack in a rectangular specimen under mode I loading by Ohji et al. (1978).  
�∗ 	� �������� ����   (3) 
Here, ���� is the coefficient depending only on the stress exponent �, e.g., expressed by ���� � �� � ����� � ��, 
���� is the net stress defined as ���� � ����� � ���, and � is the crack center opening displacement. It should be 
noted that the use of the experimentally measured � reduces the error due to the constitutive equation compared 
with the computation of �∗ by FEM. In this study, ���� for the hourglass specimens was numerically estimated by 
FEM, and the ����	values of ~240 nm and ~390 nm films were 0.95 and 0.69, respectively.  
Figure 8 shows the �� ��⁄  with respect to the ��∗  calculated by Eq. (3) using the experimental �� ��⁄ . The 
experimental �� ��⁄  was estimated using the �–� relations evaluated from the microscope images. The �� ��⁄ –��∗ 
relations were observed to be within a narrow band irrespective of the specimen width � and applied stress � in 
each thickness film. ��∗ almost uniquely corresponded to �� ��⁄ , unlike � in Fig. 7. Thus, the results indicated that 
the creep J-integral ��∗ was the dominant mechanical parameter that characterized the creep crack propagation rate of 
the Au films. In Fig. 8, the data points in the transient state � < ��� are shown with * marks. The decrease in the crack 
propagation rate in the very early stage was due to the decrease in �∗ during the transition from SSC to LSC. 
Although ��∗ from Eq. (3) represents the mechanical state under the steady-state condition, �� ��⁄  in the transient 
stage was roughly within the same narrow band.  
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Fig. 7 Relationship between crack propagation rate and stress intensity factor. 
 
 
Fig. 8 Relationship between crack propagation rate and steady-state creep J-integral.  
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and the �� ��⁄ –��∗ relations were observed within a narrow band regardless of the specimen width and applied stress 
in each thickness film. The results indicated that the creep J-integral was the dominant mechanical parameter 
characterizing the creep crack propagation rate of the Au films. The �� ��⁄ –��∗ relations were close to each other in 
the ~240 nm and ~390 nm films. This suggested that the creep crack propagation properties of Au films were 
insensitive to the film thickness in the thickness range of from ~240 nm to ~390 nm.  
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